Abstract
Introduction

49
Chemotaxis is a stimulated process enabling motile bacterial species to detect 
Materials and Methods
86
Media, bacterial strains, and growth conditions 87 The bacterial strains and plasmids are listed in Table 1 
Behavioral assays
100
The soft agar plate and temporal gradient assays for chemotaxis in A.
101
caulinodans were performed essentially as previously described (24), with some The temporal assay for aerotaxis was essentially carried out according to the 110 method described by Alexandre et al. (17) . A 10-μl drop of bacterial suspension 111 adjusted to an OD 600nm = 0.2 was placed on a microscope slide, inside a 112 microchamber that was ventilated with humidified N 2 or air gas (flow rate 800 ml 113 min -1 ). The cell suspension was equilibrated with air for 2 min. After that, the 114 ventilating gas was switched to N 2 for 1-3 min and then changed to air again by the 115 way of controlling a gas valve. The motion of bacteria was digitally recorded using amplified from pUC19-GFP using the primers set GfpFEcoRI and GfpRXbaI (Table   192 2). These two amplicons were then cloned into pPR9TT to yield pIG3718, which was 
Quantification of exopolysaccharides (EPS)
211
For qualitative evaluation of changes in EPS production, L3-grown cells 
254
Nodulation competition assays were carried out according to Yost et al. (28) .
255
Briefly, surface-sterilized seedlings were co-inoculated with parental strain ORS571 256 plus the icpB mutant strain or plus the complemented strain in a 1:1 and 1:10 ratios.
257
The accurate proportion of wild type to mutant strains was confirmed by viable plate 258 counts on the inocula. Bacteria were re-isolated from surface sterilized nodules after (Fig. 1) .
316
The IcpB PAS domain binds heme
317
The IcpB PAS domain is predicted to bind heme (Fig. 1) (Fig. 2C) .
331
In PAS domains, hemes are typically coordinated by conserved histidine 
341
As expected, the characteristic absorption peak (Soret band at 401 nm) was absent 342 from the UV/Vis spectrum, implicating His154 as the residue responsible for heme 343 binding (Fig. 2D ). This finding further suggests that the heme-binding PAS domain of
344
IcpB confers oxygen binding/sensing ability to this chemoreceptor.
346
The icpB mutant is impaired in chemotaxis and aerotaxis 347 We constructed a icpB deletion mutant (AC301) and characterized its role in compare chemotaxis under nitrogen-replete and nitrogen fixation conditions (Fig. 3) . was also assayed under similar conditions. The chemotaxis defects could be rescued 364 by expressing the parental icpB from a broad host range plasmid under both 365 conditions (Fig 3A and 3B ), but expression of the IcpB H154A failed to restore 366 chemotaxis abilities to the AC301 strain (Fig. 3C ), indicating that heme-binding to the 367 PAS domain of IcpB is essential for chemotaxis under these conditions.
368
Next, we directly tested the role of IcpB as an oxygen sensor using a 369 temporal assay for aerotaxis. In this assay and using strains grown under nitrogen 370 fixation conditions, the response time of the icpB mutant (AC301) cells to the removal 371 or addition of air was much shorter than the wild type strain ( indicate that the contribution of IcpB to chemotaxis is greater under these conditions.
398
The icpB mutation impairs flocculation and biofilm formation amount of flocculated cells after 48 h (Fig. 5A) .
408
To determine whether IcpB was affected in biofilm formation, the wild type,
409
icpB mutant and the complemented strains were compared for biofilm formation 410 using an in vitro assay (Fig. 5B) The icpB mutant has an increased production of EPS
416
The aggregation and biofilm formation phenotypes of the icpB mutant strain 417 (AC301) prompted us to test if EPS production was affected by lack of IcpB function.
418
EPS production of wild type A. caulinodans was compared to that of the icpB mutant 
428
The quantitative assay for EPS production confirmed these qualitative 429 observations: the icpB mutant (AC301) produced significantly more total EPS 430 compared to the other strains under nitrogen fixation condition (Fig. 6B) . The amount of EPS produced by the wild type and complemented strain (AC302) were similar,
432
and was almost half of that produced by the icpB mutant. Therefore, lack of IcpB 433 correlates with changes in EPS production, which may explain the greater propensity 434 for flocculation and biofilm formation of the mutant.
436
The icpB mutant is disadvantaged in symbiotic properties 437 Rhizobial surface polysaccharides are necessary for plant-microbe numbers of nodules formed. However, the morphology of nodules formed by the icpB 448 mutant was different from that of nodules formed by the wild type strain (Fig. 7A ).
449
The stem nodules formed by the icpB mutant (AC301) were smaller than those
450
formed by the wild type strain. Furthermore, the nodules induced by the icpB mutant 451 had a pale inner region, compared to the bright red color of the wild type nodules.
452
( Fig. 7A) . The pale color of the nodules induced by the icpB mutant suggested that 453 they lacked sufficient leghemoglobin which should also cause a defect in the rate of 454 nitrogen fixation.
455
Consistent with the hypothesis, the measured ARA of nodules formed by the 456 icpB mutant strain was significantly lower than that of nodules formed by the wild 457 type strain ORS571 (Fig. 7B) . As expected from this impaired ability to form 458 functional nodules, the icpB mutant was severely impaired in competitive nodulation 459 with the parent strain ORS571 (Fig. 7C) : the mutant strain was outcompeted by the 460 wild type strain even when the inoculum ratio between the icpB mutant and wild type 461 strain was increased to 10:1. Introduction of the complementing plasmid (pLAIcpB)
462
into the icpB mutant strain restored the wild phenotype for nodulation (Fig. 7C) .
463
Altogether, these data suggest that IcpB is required for effective nodulation of S.
464
rostrata and critical for competitive nodulation.
466
Discussion
467
In this study, we charaterized the role of a soluble chemoreceptor of A. 
